A tack coat is applied in order to ensure the correct bond between asphalt layers of the pavement. Nevertheless, in most of the times the adhesion obtained is not controlled.
Introduction
In a pavement project, it is assumed that all the asphalt layers are going to work together. That is to say, that there is a good adhesion between the different layers. In order to obtain a bond between layers tack coats are applied during construction. These adhere to the layer directly above in such a way that all the layers act as one. However, experience has shown that the required bond is not always obtained, causing deterioration and early failure in the pavement.
Nevertheless, this property is not really assessed during the construction phase. Only the quantity of emulsion applied is controlled, but not the final adhesion obtained, which is what really needs to be known. The final bond achieved between the layers [1] depends not only on how the tack coats are applied, the appropriate application rate, whether they have bonded well with the layer below, whether or not roadwork vehicles have damaged them etc., but also on the compaction of the lower part of the layer, on how the new layer has been laid, if voids have been left underneath, the mastic quality of the new layer, etc. For this reason it is necessary to assess and check the bond which is finally obtained and not to confine the evaluation of such an important factor to solely the rate of application and a visual inspection of the tack coat.
For this reason the Road Laboratory of the Transportation Departament of the Technical University of Catalonia has developed a new shear test. This test is very simple to perform and capable of measuring resistance to tangential tensions caused by shear force applied to the bond between the two layers.
This shear test can be used for both the control of the quality achieved on site by testing cores, and for the evaluation of different tack coats by testing specimens produced in the laboratory. Moreover, the same test can be used to evaluate the effect of water on tack coats, when extracted cores and specimens, which have been submerged in water for a certain period of time, are tested.
The LCB Shear Test
The LCB Shear Test [2] is intended to measure the tangential tensions caused by the application of shear force, which are produced in the bond between the two asphalt layers, whether or not a tack coat has been used.
The analysis of forces on which the test is based is shown in figure 1. Part A can be considered to be totally rigid or undeformable (iron mould), while part B represents the adjacent upper layer.
The equation which provides the value of the tangential tensions on the bond joining both parts, if P is the maximum load and S is the surface of the transversal section, is:
The test was devised with the intention of fulfilling the specifications of repeatability, when the same operator, who repeats the test following the same procedure and using the same materials and equipment, obtains the same results, and reproducibility, which means that there is no difference in results when the test is performed with the same materials but by a different operator and with different equipment. Moreover, the use of moulds and conditions used with other tests, which are frequently found in highway research laboratories, facilitates quality control on site. For example, a standard speed for load application has been used (1.27 mm/min = 0.05 in/min). 
Manufacture of specimens
The specimens manufactured in the laboratory consist of two asphalt layers between which the tack coat to be studied is applied. Similarly, it is possible to study the adhesive value of the tack coat between an upper bituminous layer and a lower one of concrete or of the bond between mixtures made without a tack coat. This dual layer system is prepared in a cylindrical mould 177.8 mm high and with an interior diameter of 101.6 mm, as stated in the specification NLT-161/84 about resistance to simple compression in bituminous mixtures [3] . The total height of both compacted layers should be less than that of the mould.
The asphalt layers are compacted with a Marshall Compactor by applying 100 compaction blows to the top surface. Once the first surface is completed, this should be left to cool. A few millimetres thickness is cut from the top surface to have not an excessive quantity of bitumen [4] .
When the cut surface is dry, the required quantity of emulsion to be assessed is applied with a brush. This is then left until the emulsion cracks (always a minimum of 2 hours). Next, the hot bituminous mixture is poured on and the part that will be the top layer is compacted. Finally, the specimen is partly extruded from the mould until the joint between the layers is 5mm beyond the top of the mould.
If the test temperature is different from the room temperature, the specimens are placed in a temperature controlled environment (oven or refrigerator) until they reach the required temperature. Although it is advisable to have a test press with a temperature controlled chamber in order to keep the test temperature constant, the speed of the test means that there will be no significant temperature change if the test is performed at room temperature. 
Performance of test
The specimen is positioned as shown in figure 2 . The test is performed at a constant deformation speed of 1.27 mm/min. This speed was chosen so that the test can be performed in presses which have a series of preset speeds, the selected speed invariably being one of them. The loaddeformation data is collected using a suitable computerised data acquisition system. The same test procedure can be applied to cores extracted from the road. The cores, which consist of at least two layers, are placed in a cylindrical clamp, which, using a number of bolts, holds them in the required position, in a similar way to the laboratory moulded specimens.
The test method also made it possible for cores and laboratory specimens to be tested at the desired temperature after being submerged in water at 30ºC for 48 hours.
Use of the LCB Shear Test to evaluate the adhesion of layers with different tack coats
The test of specimens using different types of emulsions as the tack coat has made it possible to assess their adhesive strength, by varying certain test conditions such as application rate, test temperature and the effect of water. As far as the testing of cores is concerned, it is possible to obtain real values of adhesion between layers, as well as to observe different levels of resistance between different interfaces (wearing course-binder course, binder course-base course, first-second base course).
Testing of specimens
In figure 3 mean test results are shown for four different emulsions, applied at 500 g/m 2 , which were dry tested at 5, 20 and 45ºC. It can be observed how the test temperature influences the final result. At low temperatures the resistance is high but the mode of failure is more brittle, whereas at higher temperatures the resistance is less and the cracking is more ductile. It is also worth noting that there is linear-elastic behaviour at the beginning of the curves, with a steeper slope for lower temperatures. If the differences between different emulsions are considered, it can be seen that emulsion E1 (the only one which does not contain modified bitumen) achieves a lower resistance compared to the other three emulsions, regardless of the temperature. This is also the case if the test is performed after keeping the specimens submerged in water before testing [4] .
Some of the other results obtained [4] have also highlighted the influence of the rate of application on the final resistance, indicating that the greater the amount, the greater the resistance. It was also observed that tack coats made with modified bitumen can be applied in smaller quantities than unmodified materials without significant loss in resistance.
Testing of extracted cores
The study of adhesion between layers using cores extracted from both newly constructed roads and roads in service is becoming an increasingly important factor. This is because it can be seen that a great deal of the deterioration and the defects that appear in pavements are due to the lack of an effective bond between the layers.
The LCB Shear Test means that the bond between the different layers that form the pavement can be assessed in a simple way, by testing cores. Figure 4 shows the results of tests on the bond between the wearing course and the binder course at 20ºC, obtained from various cores from the same road, whereas, in figure 5 the results obtained from between the first and second base courses in the same cores are shown. It can be seen how there is a clear difference in resistance between one interface and another. Moreover, in some cases there already appears to be slippage in the lower layers. Finally, it should be pointed out that this is a non-destructive test. That is to say, after performing the test on the cores, the different layers of the road surface are separated, which means that the pavement layers can be further assessed using tests for the measurement of modulus, indirect tension, density, etc. 
Conclusions
The first conclusion to note, which is that on which all the study is based, is that it is necessary to be aware of the importance of the bond between the layers of pavement in the light of the subsequent performance of the structure. In view of the experience and results obtained it can also be concluded that the LCB Shear Test is a simple procedure which quantifies the bond between layers made with tack coats. This evaluation takes place both in the design phase, in order to select the emulsion and the application rate (test on laboratory specimens) and in the monitoring or quality control phase, to evaluate the actual adhesion achieved after the road surface layers have been laid (test on cores).
With respect to the analysis undertaken on specimens and cores, we can draw different conclusions:
When the temperature of the test is lower, the resistance achieved by the different emulsions being tested is higher and the mode of cracking is more brittle. The emulsions made with modified bitumen perform better than those which contain conventional bitumen. Greater adhesion is achieved with the same types and quantities of emulsion between denser layers (with lower void contents and more bitumen) than that obtained between coarser layers (with higher void contents and less bitumen) which means that the tack coats between the base courses could be more significant for the performance of the pavement.
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